With the Atacama Large Millimeter/sub-millimeter Array (ALMA), we report detections of the far-infrared (FIR) [OIII] 88 µm line and the underlying dust continuum in the two quasars in the reionization epoch, J205406.48-000514.8 (hereafter J2054-0005) at z = 6.0391 ± 0.0002 and J231038.88+185519.7 (hereafter J2310+1855) at z = 6.0035 ± 0.0007. The [OIII] luminosity of J2054-0005 and J2310+1855 are L [OIII] = 6.8 ± 0.6 × 10 9 L ⊙ and 2.4 ± 0.6 × 10 9 L ⊙ , corresponding to ≈ 0.05% and 0.01% of the total infrared luminosity, respectively. Combining these [OIII] luminosities with [CII] 158 µm luminosities in the literature, we find that J2054-0005 and J2310+1855 have the [OIII]-to-[CII] luminosity ratio of 2.1 ± 0.4 and 0.3 ± 0.1, respectively, the latter of which is the lowest among objects so far reported at z > 6. The high (low) luminosity ratio in J2054-0005 (J2310+1855) would be due to its stronger (weaker) UV stellar radiation field as implied from the high (low) dust temperature heated by star-formation activity, 50 ± 2 K (37 ± 1 K), which is estimated from the FIR spectral energy distribution.
Introduction
Quasars are powered by supermassive black holes (SMBHs) with ≈ 10 8−10 M⊙ (e.g., De Rosa et al. 2014; Wu et al. 2015) .
Owing to wide-area surveys, ≈ 100 quasars are discovered at z > 6 (e.g., Fan et al. 2003; Jiang et al. 2016; Mazzucchelli et al. 2017; Matsuoka et al. 2018 ) and up to z = 7.54 (Bañados et al. 2018) . How SMBHs have accreted within ≈ 1 Gyr after the Big Bang is one of the most important question in modern astronomy (Valiante et al. 2017) .
A variety of tracers are used to understand properties of quasars and their host galaxies at z > 6. Rest-frame far-infrared (FIR) dust continuum observations show that high-z quasar host galaxies have star formation rates (SFRs) ≈ 50−2700 M⊙ yr −1 and large dust masses ≈ 10 7 − 10 9 M⊙ (e.g., Venemans et al. 2018 and references therein). The carbon monoxide (CO) line observations reveal a large amount of gas mass in the host galaxies (≈ 10 10 M⊙) (e.g., Wang et al. 2010 ). The FIR fine structure line of [CII] 158 µm is widely used to obtain the precise redshift and the dynamical mass (e.g., Wang et al. 2013; Decarli et al. 2018; Izumi et al. 2018 ).
Combinations of FIR fine structure lines are useful to obtain physical properties of the interstellar medium (ISM) such as the gas-phase metallicity, the electron density, and the ionization parameter (e.g., Nagao et al. 2011; Pereira-Santaella et al. 2017) . Among the FIR lines, the [OIII] 88.356 µm line (νrest = 3393.006244 GHz) would be a good next target after [CII] because it is the second most commonly observed line in normal star-forming galaxies at z > 6 (e.g., Inoue et al. 2016; Tamura et al. 2018) . Indeed, recent ALMA observations demonstrate that [OIII] is detectable even at z = 9.11 (Hashimoto et al. 2018a) .
In this letter, we report results of our ALMA Band 8 observations targeting [OIII] in two quasars at z ≈ 6, J205406. 48-000514.8 (hereafter J2054-0005) 
2011)
2 Our Sample and ALMA Band 8 Data
Sample
Among the z > 6 quasars, we have selected two FIR bright objects, J2054-0005 and J2310+1855, whose redshifts are suitable for [OIII] observations with ALMA. These objects are originally discovered by the Sloan Digital Sky Survey data (Jiang et al. 2008 (Jiang et al. , 2016 . J2054-0005 (J2310+1855) has the UV absolute magnitude of M1450 = −26.1 (−27.8) and the bolometric luminosity of 2.8 × 10 13 L⊙ (9.3 × 10 13 L⊙) (Wang et al. 2013 ). The BH mass in J2054-0005 (J2310+1855) is estimated to be 0.9 +1.6 −0.6 × 10 9 M⊙ (2.3 +5.1 −1.8 × 10 9 M⊙) (Willott et al. 2015) . The [CII] redshift value of J2054-0005 (J2310+1855) is z = 6.0391 ± 0.0002 (6.0031 ± 0.0002) (Wang et al. 2013 ).
Observations and Data
We 
Results

Dust Continuum
Our data probe dust continuum emission at the rest-frame wavelength, λrest, of ≈ 87 µm. The top left and bottom left panels of Figure 1 show dust continuum images of J2054-0005 and J2310+1855, respectively. Our measurements are summarized in Table 1 . J2054-0005-To estimate the flux density and the beam deconvolved size of the dust continuum, we apply the CASA task imfit assuming a 2D Gaussian profile for the specific intensity. We estimate the continuum flux density to be Sν,87µm = 10.35± 0.22 mJy. The beam deconvolved size is (0.23±0.02)×(0.15± 0.02) arcsec 2 , corresponding to (1.34 ± 0.13) × (0.88 ± 0.13) kpc 2 at at z = 6.0391, with PA = 177
J2310+1855-The continuum flux density is 24.89 ± 0.72 mJy. The beam deconvolved size is (0.31 ± 0.05) × (0.22 ± 0.06) arcsec 2 , corresponding to (1.81 ± 0.29) × (1.28 ± 0.35) kpc 2 at z = 6.0391, with PA = 154
These deconvolved size and PA values are consistent with those obtained by Wang et al. (2013) using ALMA Band 6 data within 1σ uncertainties.
[OIII] 88 µm
The [OIII] is detected in the two quasars. Our measurements are summarized in Table 1 .
The top (bottom) middle panel of Figure 1 shows a velocityintegrated intensity image between 481.7−482.6 GHz (484.1− 485.0 GHz) for J2054-0005 (J2310+1855). The peak intensity is 1.67 ± 0.10 Jy km s −1 beam −1 (0.94 ± 0.15 Jy km
. We perform photometry on the image with 
Note.
a The values represent major and minor-axis FWHM values of a 2D Gaussian profile. b The total luminosity, LTIR, is estimated by integrating the modified-black body radiation at 8 − 1000 µm. the CASA task imfit assuming a 2D Gaussian profile for the line intensity. In J2054-0005, the total line flux is estimated to be 3.79 ± 0.34 Jy km s (Wang et al. 2013 ).
The top (bottom) right panel of Figure 1 shows the continuum-subtracted spectrum of J2054-0005 (J2310+1855) extracted from the [OIII] region with > 3σ detections in the velocity-integrated intensity image. We obtain the [OIII] redshift of 6.0391 ± 0.0002 (6.0035 ± 0.0007) and the FWHM value of 282 ± 17 km s −1 (333 ± 72 km s −1 ), which are consistent with the [CII] measurements (Wang et al. 2013 ). Based on a combination of the flux and redshift values, we obtain the
[OIII] luminosity of 6.76 ± 0.61 × 10 9 L⊙ (2.44 ± 0.61 × 10 9 L⊙) in J2054-0005 (J2310+1855).
To investigate a possible broad velocity component in the [OIII] line, as that found in a z = 6.4 quasar in [CII] (Maiolino et al. 2012) , we extract two additional spectra from the [OIII] regions with > 1σ and > 2σ detections in the velocity-integrated intensity images. We do not find any broad velocity component in the spectra.
We note that the two quasars have the [OIII] emitting region size of ≈ 2 − 3 kpc (FWHM), which is significantly larger than the continuum emitting region size of ≈ 1 kpc (FWHM).
Tight Constraints on the Dust Temperature and the Infrared Luminosity
Previous studies have shown that FIR dust continuum emission of quasars at λrest > ∼ 50 µm is mainly powered by star-formation activity with negligible contribution from active galactic nuclei (AGNs) (Leipski et al. 2013) . Assuming that FIR dust continuum emission is described as an optically-thin modified-black body radiation, In J2054-0005, we use four flux density measurements of 12.0 ± 4.9 mJy, 10.35 ± 0.22 mJy, 2.98 ± 0.05 mJy, and 2.38 ± 0.53 mJy obtained with Herschel 350 µm data (Leipski et al. 2013) , our ALMA 488 GHz, ALMA 262 GHz data (Wang et al. 2013) , and MAMBO 250 GHz data (Wang et al. 2008 ), respectively. These data sample λrest ≈ 50 − 200 µm. By fitting modified-black body models corrected for the CMB effects to the photometry data, we obtain T d = 50±2 K and β d = 1.8±0.1 based on the χ 2 statistics. The best-fit model is shown in the left panel of Figure 2 . Integrating the modified-black body radiation over 8 − 1000 µm, we obtain the total infrared luminosity to be LTIR = 1.3 because the data probe the wavelengths close to the peak of the dust spectral energy distribution (SED).
Likewise, in J2310+1855, we use five flux density measurements of 24.89 ± 0.72 mJy, 8.91 ± 0.08 mJy, 8.29 ± 0.63 mJy, 0.40 ± 0.05, and 0.41 ± 0.03 mJy obtained with our ALMA 488 GHz, ALMA 262 GHz data (Wang et al. 2013) , MAMBO 250 GHz data, MAMBO 99 GHz data (Wang et al. 2008) , and ALMA 91.5 GHz (Feruglio et al. 2018) , respectively. These data sample λrest ≈ 90 − 500 µm. We obtain T d = 37 ± 1 K, β d = 2.2 ± 0.1, LTIR = 1.9
13 L⊙, and SFRIR ≈ 2900
M⊙ yr −1 in the same way as in J2054-0005. These T d and β d values are within the ranges obtained in a mean SED of six quasar host galaxies at z = 1.8 − 6.4, T d = 47 ± 3 K and β d = 1.6 ± 0.1 (Beelen et al. 2006 ) and in a mean SED of seven quasar host galaxies at z ≈ 4 − 5,
Nevertheless, our results demonstrate the variety of dust properties on the individual basis. We use these T d and SFRIR values to interpret our results in §4.
Luminosity Ratios
Based on a compiled sample of local dwarf and spiral galaxies with high dynamic ranges in metallicity and LTIR, Cormier et al. (2015) have shown that the [OIII]-to-LTIR ratio anticorrelates with LTIR, the so-called FIR line deficit (e.g., Malhotra et al. 1997; Díaz-Santos et al. 2017) . The local galaxies have the [OIII]-to-LTIR ratio ranging from ≈ 10 −5 to ≈ 10 −2 . Recently, Tamura et al. (2018) have investigated the relation at higher-z based on a compiled sample of z ≈ 7 − 9 galaxies, showing that at least high-z galaxies with dust continuum detections follow a similar relation as in the local Universe. Our two quasars are useful to further investigate the trend at the reionization epoch because of their high LTIR values. The luminosity ratios are log (LOIII/LTIR) = −3.3 ± 0.1 and −4.0 ± 0.1 in J2054-0005 and J2310+1855, respectively. In the left panel of Figure 3 , we plot the two quasars along with eight objects at z > 7 (see caption for the details) and lower-z objects. The latter includes various populations of local galaxies taken from the Herschel DGS (Cormier et al. 2015) and SHINING (HerreraCamus et al. 2018 ) samples, local spirals (Brauher et al. 2008) , and lensed sub-millimeter galaxies (SMGs) at z ≈ 1 − 4 (Zhang et al. 2018 ). We confirm a trend that high-z objects follow a similar relation as in the local Universe but shifted toward higher LTIR values (or higher [OIII]-to-LTIR values). Such a shift toward higher LTIR values is also found in the relation between [CII]-to-LTIR and LTIR ). Herrera- luminosity ratio plotted against the bolometric luminosity at z > 6. The sample includes the two quasars (two red five-pointed stars); SPT0311−58 E/W (triangles); B14-65666 (circle); BDF-3299 ('+' symbol); and SXDF-NB1006-2 ('-' symbol with an upward arrow). The bolometric luminosity values of the two quasars are taken from the literature. Those of the other galaxies are obtained in Hashimoto et al. (2018b) as the summation of the UV luminosity and LTIR, where we assume LTIR = 50 K and β d = 1.6 except for SPT0311−58 E/W. For the two LAEs with LTIR upper limits, the lower limit corresponds to the UV luminosity, while the upper limit denotes the summation of the UV luminosity and the 3σ LTIR upper limits. et al. (2018) show that the discrepancy between low and high-z objects disappears if one plots the [OIII]-to-LTIR ratio against the IR surface brightness, ΣIR, implying that the shift is due to the compactness of higher-z objects at a given LTIR.
Camus
We next turn our attention to the [OIII]-to-[CII] luminosity ratio. Based on a compiled sample of five objects at z > ∼ 7 with [OIII] and [CII] observations (Inoue et al. 2016; Carniani et al. 2017; Marrone et al. 2018) , Hashimoto et al. (2018b) have demonstrated a trend that the [OIII]-to-[CII] line luminosity ratio becomes small if a galaxy has a large bolometric luminosity. Their sample includes two Lyα emitters (LAEs), one Lyman break galaxy (LBG), and two SMGs. Thus, J2054-0005 and J2310+1855 offers us an invaluable opportunity to investigate the line luminosity ratio in quasars at z > 6 for the first time. In J2054-0005 (J2310+1855), combining our [OIII] luminosity and the [CII] luminosity of 3.3 ± 0.5 × 10 9 L⊙ (8.7 ± 1.4 × 10 9 L⊙) in Wang et al. (2013) , we obtain the line luminosity ratio of 2.1 ± 0.4 (0.3 ± 0.1). The right panel of Figure 3 shows that quasars also follow the trend. Notably, J2310+1855 has the highest bolometric luminosity and the lowest [OIII]-to- [CII] ratio so far reported among objects at z > 6.
Discussion and Summary
To interpret [OIII] (Baldwin et al. 1981) as performed in local Seyfert and LINER galaxies (Kakkad et al. 2018 [CII] line luminosity ratio of the two quasars. In the local Universe, based on a compiled sample of star-forming galaxies and AGN-dominated galaxies, HerreraCamus et al. (2018) have statistically demonstrated that [OIII] becomes stronger than [CII] if galaxies have higher dust temperature. The two quasars seem to be consistent with the trend in the sense that J2054-0005 (J2310+1855) has high (low) dust temperature, T d = 50 ± 2 K (37 ± 1 K). An interpretation of the result is that J2054-0005 has a harder UV stellar radiation field than J2310+1855. Assuming the same dust covering fraction and the dust grain size distribution, a harder radiation field leads to efficient dust photoelectric heating, which in turn results in higher T d (Inoue & Kamaya 2004) . The harder UV radiation field would naturally enhance [OIII] (ionization potential ≈ 35 eV) against [CII] (ionization potential ≈ 11 eV) if we assume a constant C/O abundance ratio. This hypothesis can be tested with the line luminosity ratio of [NII] 205 µm against [OIII] , which is a good tracer of the UV radiation hardness . Alternatively, the weak [OIII] in J2310+1855 may be due to its high electron density that causes collisional de-excitation. This can be investigated with the line ratio of [OIII] 88 µm-to- [OIII] 52 µm, which is sensitive to the electron density because of their different critical densities (Pereira-Santaella et al. 2017) . Our results highlight the potential use of [OIII] (and the underlying continuum) as a useful tracer of the ISM in the quasar host galaxies.
